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In this work we study the simultaneous effect of primordial non-Gaussianity and the modifica-
tion of the gravity in f(R) framework on large scale structure observations. We show that non-
Gaussianity and modified gravity introduce a scale dependent bias and growth rate functions. The
deviation from ΛCDM in the case of primordial non-Gaussian models is in large scales, while the
growth rate deviates from ΛCDM in small scales for modified gravity theories. We show that the
redshift space distortion can be used to distinguish positive and negative fNL in standard back-
ground, while in f(R) theories they are not easily distinguishable. The galaxy power spectrum is
generally enhanced in presence of non-Gaussianity and modified gravity. We also obtain the scale
dependence of this enhancement. Finally we define galaxy growth rate and galaxy growth rate bias
as new observational parameters to constrain cosmology.
I. INTRODUCTION
The modern cosmology is now in a dilemma, on one hand the standard model of cosmology known as ΛCDM
describes a vast range of observations, from the Cosmic Microwave Background (CMB) radiation [1] to the observations
related to the Large Scale Structures (LSS) of the Universe [2–4]. On the other hand 95% of the Universe is made of
the unknowns (Dark energy (DE)∼ 68% and Dark Matter (DM) ∼ 27%)[5]. Beside this, the physics of early universe,
despite the successes of inflationary paradigm [6] is also still unknown.
Regarding the accelerated expansion of the Universe, there are three main categories of probable solutions: a) The
Cosmological Constant (CC) [7]; b) Dark Energy models [8]; and c) The Modified Gravity (MG) theories [9–11].
In the context of the early universe cosmology, the deviation from the 1) scale invariant primordial power spectrum
[12], 2) the statistical isotropy of the perturbations [13], 3) the adiabatic perturbations [14] and 4) Gaussian initial
conditions [15] are under an intense study in order to test the inflationary models. Any observed deviation from the
above conditions will open a new horizon to study the physics of inflation.
Now the cosmological observations and the vast data obtained from ground based telescopes and satellites open up
a new era to test the cosmological models. One important question is the existence of the simultaneous effects of early
universe physics and the late time cosmology on observational parameters. The LSS observations can be both affected
from inflationary models and dark energy models. In this work we want to mainly address to these simultaneous
effects on LSS.
The clustering and the statistics of LSS of the Universe (i.e. galaxies, cluster of galaxies, voids) have long been
known as a useful tool to constrain the cosmology [16]. However to constrain cosmological models, there are three
type of obstacles in using the LSS observations:
a) Non-linear structure formation: In scales corresponding to the wavenumber k ∼ 0.2h/Mpc and larger wavenum-
bers (smaller scales), the structure formation process becomes non-linear [17]. Consequently we can not use the linear
perturbation theory to study the cosmological models and we need semi-analytical models [18] to probe further, or use
the N-body simulations[19]. In this work we mainly focus on the wavenumber interval of 0.01h/Mpc < k < 0.2h/Mpc
where the perturbations are in the linear/quasi-linear regime. In these scales we also have statistically significant data
from clustering of galaxies [20].
b) Redshift space distortion (RSD): The second complication becomes from RSD effect. Observationally, instead of
measuring the radial coordinate, we measure redshift of the sources through spectroscopy. The redshift measurement
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2in its turn is affected by the peculiar velocity of the structures and it is mixed up with the Hubble expansion redshift
and adds more complications to interpret the cosmological results from LSS observations [21, 22]. However it can be
used as a measure of matter density, where in this work we use RSD as an observational probe for MG theories.
c) Bias: The third obstacle in LSS observations is the bias parameter. Bias parameter in linear order is defined as
the ratio of density contrasts of the luminous matter (δg) and the underlying dark matter (δm) as (b = δg/δm). In
observations, what we measure is the clustering of luminous matter which has to be related to the underlying dark
matter halo distribution, which in its turn must be related to dark matter density perturbation. This is a complicated
process affected by the baryon physics, non-linear structure formation, galaxy formation and evolution. However this
parameter is used to study the effect of primordial NG on the distribution of matter in Universe.
To be more precise, the above mentioned complications are themselves useful probes for studying the cosmological
models. The redshift space distortion is used as a probe to measure the growth rate of the structures, f ≡ d ln δ/d lna,
to underpin the expansion history of the Universe and to test the gravitational law in cosmological scales. It is difficult
to measure the growth rate parameter straightforwardly in observations. Instead it is obtained via the knowledge of
bias parameter and the redshift space distortion parameter β ≡ f/b [23] obtained in galaxy power spectrum/correlation
functions [24]. On the other hand the bias parameter is recently introduced [25] as a new probe to detect the fingerprint
of the primordial non-Gaussianity in LSS. Primordial NG introduces a scale dependent behavior in the bias parameter.
The main question is that how the LSS observables will be affected by MG and NG, when we have these deviations
from ΛCDM both in the same time. In this work we study the effect of MG and primordial non-Gaussianity(NG) on
growth rate and RSD parameters. The main point here is that: It has been shown that the growth of the structures
in MG theories (i.e. f(R)) is scale dependent [26, 27]. This scale dependence is manifested in the growth rate.
Consequently the growth rate can change the redshift space distortion and can be a potentially good observation
to test the gravity [28]. We assert that if our universe has a slight deviation from a CC dominated Universe and
also a small local NG, fNL ∼ 5 (which parameterized the strength of the NG) allowed by recent Planck data [29],
then the growth rate and the bias parameter will have a non trivial scale dependence. These features will affect
the galaxy power spectrum measurement due to redshift space distortion. This will cause to a simultaneous effect
between cosmological parameters and primordial NG [30] worth to study in detail. We chose the specific model of f(R)
introduced by Hu-Sawicki (HS)[31] to show the discussed effects and we show the relation of our chosen model with
more general parameterizations of MG introduced by Bertschinger and Zukin (BZ) [26]. In this direction, Parfrey,
Hui and Sheth propose the emergence of scale dependence in MG will affect the linear bias [32]. We assume that the
linear bias modification due to MG is smaller than the MG effect on NG-bias. Also a very recent study, consider the
effect of NG and MG in 3D correlation function of matte power spectrum[33].
The structure of this work is as follows: In Sec. (II) we introduce the f(R) modified gravity theories and discuss
the modified matter growth rate and its scale dependence. In Sec.(III) we study the bias parameter with primordial
NG and the deviation from ΛCDM. In Sec.(IV), we study the redshift space distortion parameter and the galaxy
power spectrum in MG theories with primordial NG and show how both these deviations from standard case affect
the observables. Then we define the galaxy growth rate parameter. In Sec. (V) we conclude and discuss the future
prospects of this work. In this work we use the cosmological parameters from recent Planck data as Ωm = 0.32,
ΩΛ = 0.68, ns = 0.96 and ln(10
10As) = 3.1 [5].
II. MODIFIED GROWTH RATE
One of the probable solutions of the accelerated expansion of the Universe is the modification of gravity in cosmo-
logical scales. There is a large amount of literature on different modified gravity models which is supposed to produce
the late time acceleration of the universe, like f(R) theories of gravity in metric formalism [31, 34], in Palatini for-
malism [35], brane world models of Modified gravity [36], massive gravity [37] and etc. In this work we examine the
f(R) gravity in metric formalism as a candidate for the accelerated expansion of the Universe and a parameterized
model to show the deviations from ΛCDM cosmology, in order to study the simultaneous effect of primordial NG and
modified growth rate. In the first subsection we consider the Hu-Sawicki [31] model. In the second subsection we
introduce the BZ parametrization as an alternative representation of MG theories and its relation to HS f(R) model
is discussed. In next sections we use the Hu-Sawicki f(R) model.
3A. Hu-Sawicki f(R) model
One of the main concerns about f(R) modifications of gravity is the solar system gravity test [38]. Khoury and
Weltman [39] propose a screening mechanism to evade solar system test. In this chapter we will use a f(R) model
that is viable and evade solar system tests.
The f(R) action of modified gravity is written as:
S =
1
2κ2
∫
d4x
√−gf(R) + Sm(gµν , χm) (1)
where f(R) is a function of Ricci scalar, κ2 ≡ 8piG, and χm represents the matter fields. In the case of f(R) = R we
get the Einstein-Hilbert(EH) action. The deviation from EH action in cosmological scales is the cause of the cosmic
expansion. In order to see this, we have to rewrite the modified Einstein field equations. The corresponding modified
Friedman equations are obtained from the variation of action in Eq.(1) with respect to metric as [27]:
3FH2 = 8piGρm +
FR− f
2
− 3HF˙, (2)
−2FH˙ = 8piGρm + F¨ −HF˙
where ρm is the matter density, F ≡ ∂f/∂R is the first derivative of the action with respect to Ricci scaler, which
represent the degree of freedom of the action in the equivalent scalar tensor theory of the f(R) [40] and finally
H = a˙/a is the Hubble parameter. The Hubble parameter is related to the Ricci scaler as R = 6(2H2+ H˙) where dot
represents the derivative with respect to cosmic time hereafter. The expansion rate obtained from Eqs.(2) for viable
f(R) theories is very close to the expansion rate obtained from ΛCDM [41]. In order to quantify the deviation from
ΛCDM we define a dimensionless parameter m as[27] :
m =
RF,R
F
(3)
where F,R ≡ ∂F/∂R, and the Ricci scaler is controlled by modified Hubble expansion rate. In the case of (m = 0)
we will recover the ΛCDM universe. However, the small deviation m ≪ 1 is difficult to detect in the expansion
history of the Universe. Also the MG theories in the background level are indistinguishable from smooth Dark Energy
models [42]. Consequently in studying the accelerated expanding universe models, we are interested in the behavior
of cosmological models in perturbation theory and LSS. The main point here is that the growth of structures in the
Universe is a very promising tool to distinguish the MG models from DE/CC. This happens by introducing a scale
dependent growth of perturbations. In order to study the LSS in MG theories, we need to use the perturbation theory.
In Fourier space the density perturbation is obtained as [43] :
δ¨m +
(
2H +
F˙
2F
)
δ˙m − 8piGρm
2F
δm =
1
2F
[
(−6H2 + k
2
a2
)δF + 3H ˙δF + 3 ¨δF
]
, (4)
δ¨F + 3H ˙δF +
(
k2
a2
+
f,R
3f,RR
− R
3
)
δF =
8piGρmδm
3
+ F˙ δ˙m
Considering the fact that the expansion history indicates that the time derivative of F is small and also that
¨δF ≪ H ˙δF ≪ H2; the second order differential equation for evolution of density contrast by combining Eqs.(4) is
[40]:
δ¨m + 2Hδ˙m − 4piGeffρmδm = 0 (5)
where Geff is defined as:
Geff ≡ G
F
[
1 +
1
3
(
k2
a2M2/F + k2
)]
(6)
in which M2 ≡ R/3m = F/3F,R is the effective mass of the scalaron, corresponding to the scaler field [40]. It is
obvious that the scale dependence on the evolution of matter dens
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FIG. 1: The ratio of growth function DMG(k, z)/DΛCDM − 1 for MG, HS model with |f0| = 10
−2, k = 0.2h/Mpc (black solid
line) and ΛCDM is plotted versus redshift. The red-long dashed line indicate the ratio for |f0| = 10
−4, k = 0.2h/Mpc and the
MG model with |f0| = 10
−2, k = 0.01h/Mpc is plotted in blue dotted line.
in Eq.(6). Now we are ready to study the deviation from ΛCDM due to the MG theory. The first parameter is the
Growth function defined as δm(k, z) = D(k, z)δ
i
m, where δ
i
m is the initial value of the matter density contrast fixed
in an initial redshift. (We can fix the growth function in present time as well.) The other useful quantity is the
logarithmic rate of change of matter density with respect to the scale factor, known as growth rate. The growth rate
is defined as:
f(k, z) =
d ln δ(k, z)
d ln a
(7)
where growth function now depends on wavenumber as well. Now by using δ˙ = Hfδ and δ¨ = (H2f2 + H˙f +Hf˙)δ,
we can rewrite Eq.(5) in terms of growth rate and its derivative as:
f˙ +Hf2 +
(
2H +
H˙
H
)
f − 3
2
Ωm
Geff
G
H20
H
= 0 (8)
where the growth rate is related to the scalaron mass M , the action derivative F , the expansion rate of cosmos H
and the wavenumber that we observe the structures k via Eq.(6). Now we write the Eq.(8) in terms of redshift:
f ′(k, z)− f
2(k, z)
1 + z
+
(
E′(z)
E(z)
− 2
1 + z
)
f(k, z) +
3
2
Ω0m
(1 + z)2
E2(z)
Geff (k, z)
G
= 0 (9)
where E(z) ≡ H(z)/H0, and Ω0m is the present value of matter density. Prime denotes derivative with respect to
redshift. Now by solving Eq.(2) and Eq.(9), we can find the growth rate of the structures which depends on the
wavenumber via the Geff term [42]. One type of MG parametrization is to use a free parameter γ to parameterize
the growth rate f = Ω(z)γ . In table I, we report the constrains on free parameter γ.
In order to be more precise and discuss the effect of growth rate on the redshift distortion and the galaxy power
spectrum in Sec.(IV) we choose a specific model of MG. The Hu and Sawicki [31] model
f(R) = R− µRc (R/Rc)
2
1 + (R/Rc)2
(10)
in which µ > 0 and Rc > 0 are free parameters. This model evades solar system constraints of MG. In order to quantify
the deviation from ΛCDM with only one free parameter, we write the first derivative of the action as F ≡ 1 + F˜ by
assuming that the action is f(R) = R+ f˜(R) and F˜ ≡ ∂f˜/∂R. For the action introduced in Eq.(10) we will have:
F˜ = −2f0 R
H20
[
1 + (
R
Rc
)2
]−2
(11)
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FIG. 2: The growth rate versus redshift is plotted for k = 0.2h/Mpc for |f0| = 10
−2, 10−4, 10−6 with red long dashed, green
dashed and blue dotted lines, respectively. For comparison we also plot the ΛCDM growth rate (solid black curve). The data
points are taken from LSS surveys listed in Table (II) with 1σ error-bars.
where |f0| ≡ (µH20 )/Rc is the free parameter of the model, H0 is the present value of Hubble parameter, and Rc is
assumed to be the present value of the Ricci scalar. In Table (I), we summarize the observational constraints on HS
Model obtained from different geometrical and dynamical observations. We also mention the different conventions
used to parameterize the degrees of freedom of the model.
TABLE I: Growth rate fobs observational constraints
Parameter Observations Constraints Note Ref.
|f0| SNIa [44] , BAO [45], age [46] < 0.03(1σ)r one more free parameter [47]
B0 cluster abundance + SNI + BAO + gISW 1.1× 10
−3(2σ) B0 =
F,R
F
dR
dz
H
dH/dz
[48]
B0 CMB+BAO+ H0 (HST)+ SNIa(Union2.1) 0.079(1σ) BZ parametrization [26] [49]
B0 CMB (WMAP 9y) + lensing 0.473(1σ) BZ parametrization [26] [49]
B0 CMB(Planck) + Polarization (WMAP) 0.849(1σ) BZ parametrization [26] [49]
γ CMB power spectrum+ CMB bispectrum 0.555+0.034−0.042(2σ) f = Ω
γ(z) [50]
µ galaxy growth rate fσ8 µ > 12 HS model with one free parameter n = 1.5 [51]
Now using the derivative of F˜ with respect to Ricci and substituting in the definition of the effective mass M and
accordingly in Geff , we can solve the differential Eq.(5) and Eq.(9) for different wavenumbers with respect to redshift
in order to find the growth function D(k, z) and growth rate f(k, z) respectively. The M parameter for HS model, is
defined as:
M2 =
1− 2f0R˜
[
1 + (R˜/R˜c)
2
]−2
2f0[1 + (R˜/R˜c)2]−3 × [3(R˜/R˜c)2 − 1]
(12)
where R˜ = R/H20 and R˜c = Rc/H
2
0
In Fig.(1), we plot the ratio of growth function DMG(k, z)/DΛCDM − 1 for MG, HS model with |f0| = 10−2,
k = 0.2h/Mpc (black solid line) and ΛCDM is plotted versus redshift. The red-long dashed line indicate the ratio
for |f0| = 10−4, k = 0.2h/Mpc and the MG model with |f0| = 10−2, k = 0.01h/Mpc is plotted in blue dotted line.
Fig.(1) shows that the deviation from ΛCDM is larger in small scales. In Fig.(2), we plot the growth rate versus
redshift for a specific wavenumber k = 0.2h/Mpc and different values of free parameter |f0|.
The viable f(R) gravity models have two regimes: I) a2M2 ≪ k2, we will be in scalar tensor mode where the
effective gravitational constant reaches 4/3G; II) in the regime of very massive scalaron k2 ≪ a2M2, we will recover
the ΛCDM case. It is obvious from Fig.(2) that for all values of f0, the growth rate is higher than the ΛCDM case.
6TABLE II: Growth rate fobs observational constraints
z fobs σ Survey Ref.
0.15 0.51 0.11 2dF [52–54]
0.22 0.60 0.10 WiggleZ [24]
0.32 0.654 0.18 SDSS [55]
0.35 0.70 0.18 SDSS [56]
0.41 0.70 0.07 SDSS [24]
0.55 0.75 0.18 2dF-SDSS [57]
0.60 0.73 0.07 SDSS [24]
0.77 0.91 0.36 VIMOS-VLT [58]
0.78 0.70 0.08 SDSS [24]
1.4 0.90 0.24 2dF-SDSS [59]
3.0 1.46 0.29 SDSS [60]
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FIG. 3: In this figure we plot the growth rate versus redshift with |f0| = 10
−2 for wavenumbers k = 0.001, 0.01, 0.2 h/Mpc
with blue dotted, green dashed and red long dashed lines, respectively. For comparison we also plot the ΛCDM growth rate
(solid black curve). The data points are taken from LSS surveys listed in Table (II) with 1σ error-bars.
This is because of the enhancement of the gravitational constant in all cases with an enhancement factor Geff/G
running from 1 to 4/3. In Fig.(2), it is shown that by increasing the deviation parameter from CC |f0|, the growth
rate deviates more from CC case. The observational data points are from different surveys with 1σ error-bar listed
in Table (II). Fig.(2) shows that the recent growth rate measurement can not rule out the MG with small deviations
f0 ≤ 10−5. The future observations like LSST [61] and Euclid [62] can constrain the growth rate at intermediate
redshifts. Another important point to indicate is that in the wavenumber k ≃ aM(which depends on the model
parameters, the growth of the structures changes its regime, where we can see this effect in matter power spectrum
in upcoming sections.
In Fig.(3), we study the scale dependence of the growth rate in MG. We set the free parameter |f0| = 10−2 and plot
the growth rate versus the redshift for wavenumbers k = 0.01, 0.1, 0.2h/Mpc, respectively. As discussed previously for
very small wavenumbers (large structures), the f(R) gravity is completely indistinguishable from ΛCDM. The main
effect of these theories are in quasi-linear regimes, large wavenumbers (smaller structures) where the growth rate has a
strong scale dependence and deviates from the standard case. The observational data points are taken from Table(II).
In this subsection, we have discussed the scale dependence growth rate in HS model. In the upcoming subsection we
introduce the BZ parametrization and its relation to HS model.
7B. Bertschinger-Zukin parametrization
In this subsection, we introduce the BZ parametrization and its relation with HS model. In general, the chameleon,
symmetron and dilaton screening MG theories can be written in Einstein frame as an Einstein Hilbert action plus a
new degree of freedom, which is coupled to dark matter/baryons via conformal factor:
SE =
∫
d4x
√
−g˜
[
M2pl
2
R˜− 1
2
g˜µν( ˜∇µφ)(∇˜νφ)− V (φ)
]
+ Si[χi, e
−καi(φ)g˜µν ] (13)
where χi represent the matter fields and the Jordan frame metric is related to the Einstein frame metric by conformal
factor:
gµν = e
−καi(φ)g˜µν (14)
now in order to study the effect of MG on linear perturbations Bertschinger and Zukin [26] define the scale dependent
effective Newtonian constant Gµ(k, z) and gravitational slip parameter γ(k, z) as:
k2Ψ = −4piGa2µ(k, z)ρmδm (15)
Φ
Ψ
= γ(k, z) (16)
where Ψ and Φ are metric perturbation terms in perturbed FRW ( ds2 = −(1+ 2Ψ)dt2+ a2(1− 2Φ)dxidxi). Now by
using the fact that the deviation from ΛCDM model, can be parameterized by one parameter [43], Bertschinger and
Zukin parameterize the deviation parameters as:
µ(k, z) =
1 + 43λ
2k2/(1 + z)4
1 + λ2k2/(1 + z)4
, (17)
γ(k, z) =
1 + 23λ
2k2/(1 + z)4
1 + 43λ
2k2/(1 + z)4
(18)
where the free parameter is the compton-wavelength of new degree of freedom. λ is related to the free parameter B0
as:
λ2 ≡ B0
2H20
(19)
In table I, we report some observational constraints on B0. Now the B0 parameter is related to the derivatives of
f(R) as:
B =
F,R
F
R
H
H ′
(20)
where R is the Ricci scalar, which can be assumed to the has the same value as ΛCDM, because the viable f(R)
models can mimic the background evolution of ΛCDM. In this case we can relate the free parameter of HS model f0
to the model independent free parameter of HZ parametrization as:
|f0| ≃ | 1
B0
R(z = 0)H0
H ′(z = 0)
− 1| (21)
In the next section, we will investigate the effect of primordial NG on bias parameter and then we will study the
simultaneous effect of modified gravity growth and scale dependence bias in special case of HS model. The general
study of this effect on MG models is out of the scope of this work.
8III. NON-GAUSSIAN BIAS
In this section we will discuss the bias parameter and its application to study the effect of the primordial NG and
MG on it. As mentioned in the introduction, the statistics of the luminous matter in the Universe is a promising
tool to constrain the cosmological models. To study their statistics we need to know about the structure formation
in nonlinear regime and the relation between the dark matter halos and luminous matter [63]. The structures in the
Universe (i.e galaxies and cluster of galaxies) are hosted by dark matter halos. These dark matter halos are formed,
when a region of a mass M , with a density contrast of δ = (ρ − ρ¯)/ρ¯, exceeds the critical density threshold. (for
spherical collapse δc ≃ 1.68)[64]. The abundance of dark matter halos are modulated by the background density
of matter perturbations. This modulation is formalized by the halo bias parameter [65]. In this context the bias
parameter is defined as the ratio of the the halo density contrast δh and the background matter density δm (In this
work we assume that the galaxy-halo bias is unity δg = δh):
b =
δh
δm
(22)
The bias parameter can be obtained in the framework of Peak-Background Splitting [66]. In that case the bias can
be obtained from the probability of the structures formed above a threshold height ν ≡ δc/σ(M) where σ(M) is the
variance of density contrast. In this picture the bias is defined as:
bL = − 1
σ(M)
d ln n¯(M, ν)
dν
(23)
where bL is the Lagrangian bias and n¯ is the mean number density of the structures with mass M and height ν. In
the Eq.(23) we assume that we can split the matter density as δh = δs + δl where δs indicate the short wavelength
density contrast of matter corresponding to the structures and δl is the long wavelength mode with the condition
δl ≪ δs. If we assume the very simple case of Press-Schechter mass function as:
n¯(M, z) = −2 ρ¯
M2
f(ν)
d ln σ(M, z)
d lnM
(24)
with
f(ν) =
ν√
2pi
e−ν
2/2 (25)
The Eulerian bias parameter can be written:
bE(z) = 1 +
ν2(z)− 1
δc
(26)
Using the Press-Schechter mass function [67] and with the Gaussian initial function, the bias parameter becomes
scale independent. This is almost true for all Gaussian initial conditions with the assumption of the universality
of mass function, which means the probability of finding structure in a mass range is only dependent to the height
parameter. Recently, it was shown that the primordial NG will introduce a scale dependent bias [25]. After that a
huge amount of literature is devoted to the study of the effect of NG in LSS observations specially the bias parameter.
[68–74]
The idea is that in the local NG, the background perturbation is modulated by the NG case as:
ΦNG = ΦG + fNLΦ
2
G (27)
where Φ is the Bardeen potential which can be used instead of the density perturbation to study the effect of NG.
It is obvious that we can use Bardeen potential and matter density contrast interchangeably by using the Poisson
equation as a link. Dalal et al. [67] showed that in the case of local non-Gaussianity the bias parameter is:
bNG =
2fNL(bE − 1)δc
M(k, z) (28)
where the M is a function relating the primordial curvature perturbation R to the linear density functions δm as
M = δm/R. The form of M is as follows:
M = 2
5
k2T (k)D(z)
H20Ω
0
m
(29)
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where D(z) is the growth function and T (k) is the transfer function. It is worth to note that the Eq.(28) can be
obtained, from the Excursion Set Theory approach [75]. This is discussed in App.(1) of [76] In this section, the linear
Gaussian and local NG bias for ΛCDM and MG theories are calculated. For this task, we use the mass function of
Sheth-Tormen [66] to find the linear bias. The Sheth-Tormen probability function f(ν) is defined as:
fST = A
√
αν2
2pi
[
1 +
1
(αν2)p
]
e−
αν2
2 (30)
where A ≃ 0.32, α ≃ 0.707 and p ≃ 0.3 are free parameters obtained from N-body simulation [66]. The Sheth-Tormen
linear bias will be:
bLST (M, z) = 1 +
1
δc
[
αν2(z)− 1 + 2p
1 + (αν2(z))p
]
(31)
In order to calculate the NG bias defined in Eq.(28) for the ΛCDM model, we use the standard growth function and
the Bardeen, Bond, Kaiser and Szalay(BBKS) transfer function [65] defined respectively as follows:
D(z) =
5
2
1
1 + z
Ωm
[
Ω4/7m − ΩΛ + (1 +
Ωm
2
)(1 +
ΩΛ
70
)
]−1
(32)
and
T (k = qΩmh
2Mpc−1) ≈ ln[1 + 2.34q]
2.34q
× [1 + 3.89q + (16.2q)2 + (5.47q)3 + (6.71q)4]−1/4 (33)
where Ωm = Ω
0
ma
−3/(Ωma
−3 +ΩΛ) and ΩΛ = Ω
0
Λ/(Ωma
−3 +ΩΛ).
In Fig.(4), we plot the bias parameter versus redshift for the linear case using the Sheth-Tormen mass function.
We also plot the local non-Gaussian bias with fNL = ±5, for different wavenumbers. As we expect, there is a
k−2 dependence in bias. The largest deviation appears for small wave-numbers. A positive fNL increases the bias
parameter whereas a negative fNL decreases the bias in comparison to the linear case. The NG bias for k = 0.2h/Mpc
is almost indistinguishable from the ΛCDM case. The bias parameter measurement now are done in redshift averaged
bins which are not as accurate to distinguish between the cosmological models with small local non-Gaussianity[24].
Although the future observations are very promising to reach the precision of Planck satellite to detect the local NG
[72].
In the case of the MG, the non-Gaussian bias is also modified through the Poisson equation. Assuming that the
universality of the mass function is unchanged in the MG, the only effect is imprinted in the relation between the
curvature perturbation and matter density through the modifiedMMG:
MMG = 2
5
Geff
G
k2T (k)DMG(z, k)
H20Ω
0
m
(34)
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FIG. 5: The NG bias ratio of bMG/bΛCDM − 1 is plotted versus redshift. The red long dashed line is for deviation parameter
of |f0| = 10
−4 with wavenumber k = 0.01h/Mpc. For deviation of |f0| = 10
−2 we plot the bias ratio for the wavenumbers
k = 0.001, 0.01, 0.2h/Mpc with green dashed line, solid black line and blue dotted line respectively.
where DMG is MG growth function and Geff/G is the gravitational constant enhancement discussed in Sec.(II). The
modified growth function, can be obtained from the relation D˙MG(k, z) = HfMG(k, z)DMG(k, z) with the same initial
conditions as ΛCDM in dark matter dominated era. The modified growth rate can be obtained by solving Eq.(9).
A crucial point is the appearance of a new scale dependence in the NG bias parameter via the modified growth
function and also an effective Newtonian constant in Eq.(34). An important point to indicate is that this modification
is almost concrete for the short wavenumbers (local case). The study of the general case for desired bispectrum is out
of the scope of this work.
In Fig.(5), we plot the ratio of the total bias (Gaussian+ NG) in MG Modified gravity introduced in previous
section to the ΛCDM versus redshift. We plot this ratio for the deviation of MG with |f0| = 10−4 with wavenumber
k = 0.01h/Mpc and also a larger deviation with |f0| = 10−2 for two wavenumbers k = 0.01h/Mpc and k = 0.2h/Mpc
respectively. The NG bias with MG is the same as the ΛCDM, non-Gaussian case for large wavenumbers, this
is because the NG bias is very small and indistinguishable with linear bias for large structures. Instead for small
wavenumbers where local NG effect is most efficient a new scale dependence is introduced by MG. The future very
large scale surveys are promising to constraint the Modified gravity NG bias parameter. An important point is that
this ratio goes to zero in higher redshifts. This because the scale dependence introduced by MG is vanished in higher
redshifts.
In the next section we will discuss the redshift space distortion parameter β = f/b and its scale dependence
introduced by NG and MG. Then we will discuss the RSD effect on the galaxy power spectrum.
IV. LARGE SCALE STRUCTURE OBSERVABLES
In the previous sections we showed that the growth rate and the bias parameter are both modified by the primordial
NG and the deviation from ΛCDM. In this section, in first subsection we investigate the effect of these two parameters
on Redshift Space Distortion (RSD) and galaxy power spectrum. In the second subsection we introduce the galaxy
growth rate and discuss about its relation with the matter growth rate.
A. Redshift space distortion and galaxy power spectrum
The idea of the redshift space, as explained in introduction, is that what we observe is the luminous matter
distribution in redshift space instead of the spatial coordinate. The clustering of the matter changes the peculiar
velocity of the dark matter tracers and affect the observed redshift. Accordingly by finding the amount of distortion
11
 0.25
 0.3
 0.35
 0.4
 0.45
 0.5
 0.55
 0.6
 0.65
 0.7
 0.75
 0  0.5  1  1.5  2  2.5  3
 
β(k
,z)
 z 
ΛCDM, Linear bias
ΛCDM, fNL=+5, k=0.2h/Mpc
ΛCDM, fNL=+5, k=0.01h/Mpc
ΛCDM, fNL=-5, k=0.01h/Mpc
FIG. 6: The redshift space distortion parameter β = f/b is plotted versus redshift. The solid black line shows the ΛCDM
growth rate with Sheth-Tormen linear bias. The green dashed line shows the β with the non-Gaussian bias with fNL = +5 and
the wavenumber k = 0.2. The long dashed red line is with the non-Gaussian bias with fNL = +5 with wavenumber k = 0.01
and the blue dotted line is the β function for fNL = −5 and the wavenumber k = 0.01. In all NG cases we use the ΛCDM
growth rate.
occurred from transferring the redshift coordinate to real coordinate will be a measure for the amount of clustered
matter. The density contrast of matter in redshift space is related to the real space via:
δz(k) = δr(k)
(
1 + βµ2
)
(35)
where µ = k.r/kr is the direction between the wavenumber and the line of sight and β is the redshift space parameter
defined as:
β(k, z) =
f(k, z)
b(k, z)
(36)
where the β-function in contrast to the ΛCDM case is a scale dependent parameter. This scale dependent behavior
is introduced by the NG bias on one hand and the MG growth rate function on the other hand.
In Fig.(6), we plot the β-function for the non-Gaussian case. In the NG case, β for wavenumber k = 0.2h/Mpc is
almost indistinguishable from the linear case. This is because the NG shows up in small wavenumbers. The important
point here is that for positive local NG, say fNL = +5, the NG bias is increased which causes a decrease in β -function
as it is proportional to the inverse of bias. The negative NG increase the redshift space distortion in higher redshifts
in comparison with the linear case. Now we want to explore the effect of the MG on the β-function.
In Fig.(7) we plot the RSD parameter versus redshift for MG case with the deviations of |f0| = 10−4 and |f0| = 10−2.
The deviations from ΛCDM case is almost negligible for |f0| = 10−4. In the case of larger deviation the scale
dependence of the RSD is affected by MG. For large wavenumbers we have the largest deviation from the standard
case. The main deviation occurs for larger wavenumbers, as we expected.
Now the interesting point here is the study of the combination of the two effects of NG and MG on β-function. As
the effect of NG is on small wavenumbers and the effect of MG on large wavenumbers, we will assume a non-trivial
combination of the scale dependence. In Fig. (8) we plot the β-function versus redshift for positive and negative local
NG amplitude fNL = ±5 and two wavenumbers k = 0.01, 0.2h/Mpc. The green dashed line shows the β-function
for MG with deviation |f0| = 10−2 and a positive local NG fNL = +5 with wavenumber k = 0.01h/Mpc. In small
redshifts, the deviation from CC, has the dominate effect on the RSD parameter. Where in the higher redshifts the
effect of positive NG dominates. For the wavenumber k = 0.2h/Mpc, the effect of NG is small so in higher redshifts the
effect of positive and negative NG is indistinguishable. The largest β-function value in higher redshifts correspond to
negative NG and small wavenumber k = 0.01h/Mpc which cause to a decrease in bias parameter and correspondingly
to higher β function.
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The other LSS observable is the power spectrum of galaxies. Now we can transfer the RSD effect to the galaxy power
spectrum using the relation between the square of the real and redshift space density contrast P (z) = P (r)(1 + βµ2)2
and averaging over the angle µ
P (z)g (k, z) = b
2P (r)m (k, z)
[
1 +
2
3
β +
1
5
β2
]
(37)
Where b is the total bias parameter , defined in Sec.(III) which is a sum of the linear and non-Gaussian terms
b = bL + bNG and f is the growth rate of MG theory. P
(r)
m is the linear matter power spectrum related to the growth
function D(z) and the transfer function T (k) as:
Pm(k, z) = Ak
nsT 2(k)D2(z) (38)
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where A is the amplitude of matter fluctuations, ns is the spectral index, and the T (k) and D(z) are the transfer
function and growth function, respectively. For the MG case we substitute D(z) with DMG(z, k) and assume that
the transfer function is the same for both theories. In Fig.(9) we plot the galaxy power spectrum versus redshift
for ΛCDM case with linear bias (red-solid line) and for the modified gravity theory with the deviation parameter
|f0| = 10−2 and the local NG with fNL = +5 (blue-dotted line) with non-linear corrections. The data points are
the galaxy power spectrum from the Luminous Red Galaxy (LRG) data from SDSS survey [56]. As it was shown in
Fig.(9), the primordial NG effect with the MG background is the enhancement of the galaxy power spectrum. To
show the scale dependence of this enhancement, in Fig. (10) we plot the ratio of the galaxy power spectrum for the
modified gravity theory with the deviation parameter |f0| = 10−2 and with local NG initial conditions with fNL = +5
(PMG−NGg )and ΛCDM galaxy power spectrum with linear bias. Accordingly this ratio is related to:
PNG−MGg
PΛCDM
− 1 = (bL + bNG)
2
b2L
DMG(k, z)
D(k, z)
1 + 23 β˜+
1
5 β˜
2
1 + 23β +
1
5β
2
− 1 (39)
where β˜ = fMG/(bL+bNG) Considering the fact that we are probing this ratio in low redshifts, where the contribution
of terms with bias NG bias parameter is small due to Eq.(28), where bNG ∝ (1 + z). Consequently Eq.(39) can be
approximated by
PNG−MGg
PΛCDM
− 1 ≃
(
1 + 2
bNG
bL
)
DMG(k, z)
D(k, z)
− 1 (40)
where we neglect the redshift space distortion term, because of Fig.(8) in low redshifts. The main contribution to the
galaxy power spectrum comes from the modified gravity (in small scales) than the bias parameter. This is because we
compare the two power spectrums in redshift range of 0.155 < z < 0.474 of the LRG sample with median of z ∼ 0.3
which the nonlinear bias is small in comparison to linear bias as it was shown in Fig.(4). Consequently the main
contribution comes from modified growth function which deviates from standard case in small scales. The ration of
growth function is plotted in Fig.(1). In the next subsection we will introduce galaxy growth rate parameter as a new
observational parameter.
B. Galaxy Growth Rate
In previous subsection we discussed the effect of MG and NG on RSD and growth rate of dark matter. Observa-
tionally we measure the RSD through the power spectrum or galaxy correlation function, where by knowing the bias
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parameter we will obtain the growth rate. Now we define a new parameter known as galaxy growth rate as:
fg =
d ln δg
d ln a
(41)
where δg is the galaxy number density contrast. The fg parameter could be a direct observable if we have enough
statistics of galaxies in redshift bins very close to each other to obtain differential quantity dδg/dz. Now to go further
we can relate the galaxy growth rate to the dark matter growth rate as follows:
fg(k, z) =
d ln(bδm)
d ln a
= fm(k, z) +
d ln b(k, z)
d ln a
= fm − (1 + z)b
′(k, z)
b(k, z)
(42)
where ′ denotes the derivative with respect to redshift. In the case of linear bias, and the universality assumption,
the bias term can be written as a function of height parameter b = b(ν). Consequently, the redshift dependence only
appears in σ(M, z). Accordingly, we can write the galaxy growth rate as:
fg(k, z) = fm(k, z)− (1 + z)d ln b(ν)
d ln ν
νδc
dσM (z)
dz
σ−2M (z) (43)
Now using the fact that σM (z) = σM (z = 0)D(z)/D(z = 0) and fm = −(1 + z)D′(z)/D(z) we will find:
fg(k, z) =
[
1− d ln b(ν)
d ln(ν)
]
fm(k, z) (44)
Eq.(44) shows that there is a linear bias between the growth rate of galaxies and the growth rate of matter where we
have defined the linear growth rate bias as:
b
(L)
(f) (z) ≡
[
1− d ln b(ν)
d ln(ν)
]
(45)
in which the superscript (L) indicates the linearity of the growth rate bias. For the Press-Schechter and the Sheth-
Tormen mass function the growth rate bias is obtained as
bLPS(f)(z) =
δc − 1− ν2
δc − 1 + ν2 (46)
bLST (f)(z) = 1−
2αν2
δc + αν2 − 1 + 2p1+(αν2)p
[
1− 2p2 (αν
2)p−1
(1 + (αν2)p)
2
]
(47)
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In Eq.(47), if we set p = 0 and α = 1, not surprisingly, the galaxy growth rate bias of Sheth-Tormen will be the
same as Press-Schechtre bias. Now we turn our attention to the NG galaxy growth rate bias. In this case the bias
will be a function of height and the cosmological evolution of perturbation via parameterM as:
b˜
(L)
f (k, z) = b˜
(L)(ν,M(k, z)) (48)
If the functionality of ν andM are separable b˜(L)f (k, z) = b¯M[M(k, z)]× b¯ν [ν(z)] , the growth rate bias will be:
b˜
(L)
f (k, z) =
[
b
(L)
f +
1
fm
d ln b¯M[M(z, k)]
d ln a
]
, (49)
where a new term added to growth rate bias term which has a scale dependence. In the case of the MG growth rate
will be modified by introducing aMMG(z, k), instead of the standard term.
V. CONCLUSION AND DISCUSSION
In this work we study the simultaneous effect of the Hu-Sawicki f(R) modified gravity theories and the local
primordial NG on Large scale structure observables. We use the specific model of f(R) just as a toy model to show
the effect the potentially important effect of MG in interpretation of the LSS observations. The modification of the
gravity, introduces a scale dependence in the growth of the structures. On the other hand the primordial NG make
the bias parameter a scale dependent quantity. In order to study the effect of NG/MG we assert that galaxy power
spectrum and redshift space distortion are promising observables. As both of them are affected by the bias parameter
and the growth rate of the structures. In the case of the modified gravity the bias parameter and growth rate function
become scale dependent quantities. In this work we assume that the scale dependence in the linear bias parameter
due to modification of the gravity is small and the new scale dependence comes from the contribution of modified
growth rate in non-Gaussian bias. We show that the redshift space distortion parameter, in higher redshifts and larger
scales can be used to distinguish between the positive and negative fNL (plotted in Fig.(6)) where the background
is ΛCDM. However, in the case of f(R) gravity with deviation of |f0| = 10−2 and the existence of primordial NG,
there is a degenerate effect in higher redshifts for RSD. On the other hand the galaxy power spectrum is affected by
redshift space distortion and bias simultaneously, where the scale dependence shows up again. Generally introducing
a primordial NG or a modification of gravity enhance the galaxy power spectrum(9). This enhancement has a slight
scale dependence shown in Fig.(10). This scale dependence is mainly sourced by the modification of the gravity than
the bias parameter, consequently we show that this scale dependence shows up in smaller scales. Finally, in order
to have a new cross-check for our observations and breaking the degeneracies, we introduce the galaxy growth rate.
The galaxy growth rate which is a measure of the growth of the galaxies with respect to scale factor in logarithmic
scale lead us to the growth rate bias parameter. The growth rate bias parameter relates the galaxy growth rate to
dark matter growth rate. In the ΛCDM case this galaxy growth rate bias parameter is scale independent, while by
introducing the NG/MG, the scale dependence emerged.
It is worth to mention that future observation of large scale structure, mainly the galaxy counting with better
precision and larger statistics will help us to constrain the cosmological models with deviation from six parameter
standard model. The galaxy power spectrum, redshift space distortion and bias parameter is potentially promising
observables to detect any scale dependence in them. Although there are many complications in the detection of
departure from ΛCDM, where we list them as below with corresponding discussions: a) The detection of small NG
in LSS observables (i.e. bias parameter) is a difficult task due to the statistics and the noise. However there are
optimistic forecasts for future. On the hand there is a room for scale dependence bias, where we can get larger NG in
sub-CMB scales. b)Constraining the cosmological models with galaxy power spectrum(correlation function) in small
scales is always a venturesome task because of non-linear effects. The deviation from linear power spectrum, which
is most affected with primordial NG and background evolution, could be a result of the non-linear growth of the
structures. The future very large scale surveys can probe the linear power spectrum. c) The interpretation of the bias
parameter is a complicated task. As the bias parameter depend on the sample of luminous matter that we choose
(i.e. the color, mass, redshift ... of the galaxy sample). Consequently the existence of the degeneracy between the
astrophysical effects and the cosmological ones are there. d)The scale dependence of linear bias because of the scale
dependent growth function will be a source of uncertainty as well. As a future prospect of this work, it is possible to
extend the study of the simultaneous effect of the general NG shape with the general modified growth function. Also
future LSS observations will provide statistically meaningful data to constrain the fNL and deviation from ΛCDM
parameter simultaneously.
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